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Environmental hypoxia is a naturally occurring phenomenon in
near-bottom waters of estuaries and coastal zones, which is worsened
by global warming and eutrophication (Howarth et al., 2011). Theindustrial andmining activities have resulted in the severity and preva-
lence ofmetal pollutants in the aquatic systems during the past decades.
Aquatic organisms are often threatened by hypoxia and metal expo-
sures (Blewett et al., 2017; Fitzgerald et al., 2016). Hypoxic stress may
occur before or after metal stress, or the two stresses occur simulta-
neously. Many studies indicated that simultaneous hypoxic stress
could increase toxicological effects caused by metal stresses
(Fitzgerald et al., 2017; Ransberry et al., 2016); pre-hypoxia exposure
Table 1
Primer sequences used for real-time PCR.
Gene name Primer sequences (from 5′ to 3′) Size (bp) PCR efficiency
Cu/Zn-SOD
F: GAGACAATACAAACGGGTGC
137 0.97
R: CAATGATGGAAATGGGGC
CAT
F: ATTATGCCATCGGAGACTTG
115 0.98
R: GCACCATTTTGCCCACAG
GPx1a
F: GACTCGTTATTCTGGGTGTTCCCTGTA
103 1.04
R: CCATTCCCTGGACGGACATACTTC
GPx1b
F: TCTTGTCCCTGAAGTATGTCCGTCCTG
89 1.02
R: GGCATCCTTTCCATTTACATCCACCTT
Nrf2
F: CCCTCAAAATCCCTTTCACT
90 0.96
R: GCTACCTTGTTCTTGCCGC
F-ATPase
F: TGGTTACTCCGTGTTCGCT
142 1.02
R: GGGGCTCGTTCATTTGAC
MDH
F: AAGTAGAGTTCCCCGCTGAC
170 0.98
R: CACCCTCCTTCCCGTTCA
SDH
F: TACAGGGTCAGGAGAAGAAGC
123 0.99
R: AATGGTCAATAACAGGTCGGT
PK
F: CTGGTTTCCTTATGTGCGAG
256 1.03
R: GGTCCTGGATGTCCTTTTCT
HIF-1α
F: AACTGTTCACTCGGGCAATAG
129 1.03
R: GAAGTGGCGGTGGTAACG
β-Actin
F: TCGTCGGTCGTCCCAGGCAT
182 1.05
R: ATGGCGTGGGGCAGAGCGT
GAPDH
F: GACAACGAGTTCGGATACAGC
89 1.04
R: CAGTTGATTGGCTTGTTTGG
703L. Zeng et al. / Science of the Total Environment 687 (2019) 702–711could mitigate metal toxicities (Dolci et al., 2014). But few studies have
investigatedwhethermetal pre-acclimationhas effect on thephysiolog-
ical status of fish under hypoxic stress (Blewett et al., 2017).
The effect of copper (Cu) on fish has been a focus of aquatic toxicol-
ogy, considering the discharge of industrial effluents containing Cu ions.
The concentrations of Cu reached 0.60 and 1.22 mg L−1 in Jiaozhou Bay
and Jinzhou Bay, China, respectively (Pan and Wang, 2012). Although
Cu is one of the essential elements for fish to achieve various biological
functions, excessive Cumight be potentially toxic to fish (Birnie-Gauvin
et al., 2017;Wang et al., 2015). Previous studies indicated that Cu could
alter hypoxic sensitivity in fish (Blewett et al., 2017). Therefore, we
speculate that the hypoxic responses of fish are affected by Cu pre-
acclimation, which needs to be further investigated.
Hypoxia and metal exposures may inhibit mitochondrial electron
transport chain and ATPase activity, resulting in oxidative stress
(Hosseini et al., 2014; Sappal et al., 2015; Sappal et al., 2016). Increased en-
ergy starvation and reactive oxygen species (ROS) production are the two
major components of stress responses, which are intimately related to
each other (Zhu et al., 2013). Fishhavedeveloped antioxidant defense sys-
tem to defend against oxidative damage caused by various stresses
(Winston and Di Giulio, 1991). NFE2-related nuclear factor 2 (Nrf2) is
the key transcription factor modulating the antioxidant response
(Dodson et al., 2015). Hypoxia-inducible factor-1α (HIF-1α) is a dominant
modulator of the hypoxic responses by activating target gene expressions
involved in energetic homeostasis, oxygen transport, and so on (Huang
et al., 2004; Mandic et al., 2019). Metallothioneins (MTs) play an impor-
tant role in the sequestration ofmetal ions. Besides, MTs have strong anti-
oxidant capacities to eliminate or neutralize the excess of ROS (Amiard
et al., 2006). MTs can also be induced by non-metallic stressors including
hypoxia, which contributes to understanding the biological functions of
these proteins in response to multiple stressors (Sun et al., 2016).
The large yellow croaker Larimichthys crocea is a main commercially
marine fish, the annual yield of which is the highest among the marine
cage-farmed fish species in China. High stocking density of this species
is conducted in practice, which often leads to ciliate Cryptocaryon irritans
(known as white spot disease) outbreaks. As a result, for example, a high
mortality (about 90%) occurred in 2016 (Sun et al., 2017; Yin et al., 2015).
Copper sulphate (CuSO4) is considered as themost efficient treatment for
Cryptocaryon irritans, which may result in Cu pollution in cultivation
water. In addition, high-density culture also easily causes oxygen-poor
“dead zones”, especially during the high temperature season. The objec-
tive of this studywas to evaluate the effects of Cu pre-exposure on the an-
tioxidant defense and energy metabolism in the liver of the large yellow
croaker exposed to severe hypoxia, which may facilitate the rational use
of CuSO4 in the context of frequent oxygendepletion in intensive aquacul-
ture. The biochemical indicators, including survival rate, histological anal-
ysis, Cu content, ROS, ATP, lactate and MTs protein levels, activities of
copper/zinc-superoxide dismutase (Cu/Zn-SOD), catalase (CAT), glutathi-
one peroxidase (GPx), ATP synthase (F-ATPase), malate dehydrogenase
(MDH), succinate dehydrogenase (SDH), pyruvate kinase (PK) and cyto-
chrome c oxidase (COX) were detected. In addition, molecular indicators
involved in antioxidant defense (mRNA levels of Cu/Zn-SOD, CAT, GPx1a,
GPx1b and Nrf2) and energy metabolism (mRNA levels of F-ATPase,
MDH, SDH, PK and HIF-1α) were also evaluated.
2. Materials and methods
2.1. Challenge experiment and sample collection
240 healthy juvenile large yellow croaker of similar size (mean body
mass 97.2 ± 6.3 g) were procured from a mariculture farm (Wenzhou,
China). The fish were maintained in twelve 500-L fiberglass tanks (n =
20 fish per tank) for a two-week acclimation. The ranges of the water
quality parameters were as follows: salinity 27.4 ± 0.58, temperature
22.3 ± 3.4 °C, pH 7.78 ± 0.46, DO 7.31 ± 0.48 mg L−1, total ammonia
0.020–0.034 mg L−1, nitrite 0.017–0.036 mg L−1 and nitrate0.127–0.243 mg L−1. Then the large yellow croaker were randomly di-
vided into the control group (six tanks) and treatment group (six
tanks). Fish of the control group were exposed to 0 μg Cu L−1, and fish
of the treatment group were exposed to 30 μg Cu L−1, the level of
which is close to that of Cu contamination when CuSO4 is used to treat
Cryptocaryon irritans disease, for 96 h. Before Cu exposure experiment, fi-
berglass tanks were pre-washed with 10% HNO3 (guaranteed reagent;
Sinopharm Chemical Reagent Corporation, China) for 24 h to reduce the
impacts of contaminations, then CuSO4·5H2O (AR; Sinopharm Chemical
Reagent Corporation, China) was dissolved into the seawater as the Cu
sources, and equilibrated for 24 h prior to use. During Cu exposure period,
water was replaced completely twice daily to maintain constant Cu con-
tent. Water was acidified with 2% HNO3, and Cu concentrations were
measured by inductivity coupled plasma mass spectrometry (ICP-MS,
Thermo Jarrel Ash Corporation, USA) according to Liu et al. (2010). The
detection limit of Cu was 0.04 μg L−1 in water. The actual Cu concentra-
tions of 0 and 30 μg L−1 groups were 3.11 ± 0.46 and 31.54 ± 0.72
μg L−1, respectively. During the two-week acclimation and Cu exposure,
the fish were fed two times daily with a commercial formulated diet
(50% crude protein and 10% lipid). Subsequently, fish were subjected to
dissolved oxygen (DO) concentrations at 7.0 and 1.5 mg L−1 for another
24 h, 3 replicates/treatment. 7.0 and 1.5 mg DO L−1 were obtained by
bubbling air and N2 directly into the seawater (free of CuSO4·5H2O), re-
spectively, as suggested by Zeng et al. (2016a). The oxygen contents
were monitored by a DOmeter (YSI, Canada), the actual oxygen concen-
trations in the control and hypoxic stress groups were 7.24 ± 0.57 and
1.45 ± 0.48 mg DO L−1, respectively.
At the end of the experiment, all fish were anesthetized in a
200 mg L−1 solution of MS-222, then 6 fish were randomly selected
from each tank and the liver tissues were collected. The left lobes of
live sample were fixed for histological study, the remaining samples
were frozen in N2 immediately, and kept at−80 °C until later biochem-
ical and molecular analysis. Animal care and experiments were per-
formed in accordance with approvals obtained from the Animal Care
Committee of Zhejiang Ocean University.
2.2. Histological study
Histological analysis was conducted as described in Yuan et al.
(2017). Briefly, samples were fixed in 4% paraformaldehyde/
phosphate-buffered saline (pH 7.2) for approximately 24 h, and
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bedding in paraffin wax. Sagittal sections (6 μm thickness) were ob-
tained with a diamond knife, and stained with hematoxylin/eosin
(H&E). Sections were observed with a light microscopy. For statistics
of relative areas (%) for hepatic vacuoles inH&E,we randomly examined
6 microscope fields for each sample, and then the results from individ-
ual observation were combined for the overall results.
2.3. Biochemical analysis
The preparation and extraction of homogenates and supernatants
were carried out on the basis of the descriptions in our previous study
(Zeng et al., 2016b). ROS was assayed according to LeBel et al. (1992).
ATP content, lactate level and COX activity were assayed using ATP
assay kit (Beyotime, Haimen, China), lactate assay kit (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) and COX assay kitFig. 1. Changes in the survival rate (A), ROS formation (B), Cu content (C), ATP content (D) an
value represents means ± SEM (n = 6). Different letters indicate significant differences (P b 0(Genmed, Shanghai,China), respectively, following the manufacturer's
protocols. Cu/Zn-SOD, CAT and GPx activities, and MTs protein levels
were determined by the spectrophotometric methods as described by
Nakano et al. (1990), Aebi (1984), Drotar et al. (1985) and Viarengo
et al. (1997), respectively. F-ATPase, MDH, SDH and PK activities were
measured according to the methods described by Morin et al. (2002),
Luo et al. (2006), Philip et al. (1995), and Foster and Moon (1986), re-
spectively. Soluble protein content was determined by the Coomassie
brilliant blue method (Bradford, 1976). All enzyme activities were
expressed as U (units) per mg of soluble protein.
The Cu content in liver was determined by ICP-MS according to the
methods described by Liu et al. (2010). Briefly, liver samples were acid-
ified in concentratedHNO3 for 72 h (110 °C), then diluted to appropriate
concentrations for Cu measurement. The detection limit of Cu was 0.8
μg kg−1 dry weight, and the recovery of Cu was between 94.00 and
104.00%. The assays were performed in triplicate.d lactate level (E) in the liver of the large yellow croaker exposed to Cu and hypoxia. Each
.05).
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Gene expression analysis was performed following the methods in
our previous study (Zeng et al., 2016b). Briefly, RNAiso Plus (TaKaRa,
China), first-strand cDNA synthesis kit (Fermentas) and SYBR® Premix
Ex Taq™ Kit (TaKaRa, China) were used for RNA extraction, cDNA syn-
thesis and quantitative real-time PCR (qPCR), respectively. qPCR
primers were designed based on the genome data of the large yellow
croaker in our laboratory (Table 1) (Wu et al., 2014). As described in
our previous study (Zeng et al., 2016a), target genes were normalized
to the geometric mean of the best combination of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and β-actin to calculate relative
transcript abundances with the 2−ΔΔCt method (Pfaffl, 2001).
2.5. Statistical analysis
Data were expressed as means ± SEM (n = 6). Normality of distri-
bution and homogeneity of variances were verified by Kolmogornov-
Smirnov test and Barlett's test, respectively. Then the data were sub-
jected to two-way ANOVA (hypoxia and Cu exposures as factors) and
Duncan's multiple range test to rank significant differences among
treatments (P b 0.05). The relative areas (%) for the hepatic vacuoles
in H&Ewere analyzed by Image-Pro Plus 6.0. Pearson correlation analy-
sis was used to estimate the relationship between different parameters.
Analysis was performed with SPSS 19.0 (SPSS Inc., Chicago, IL, USA).
3. Results
3.1. Survival rate and biochemical indicators
The survival rate in the hypoxic stress plus Cu pre-exposure group
was significantly lower (88.33 ± 2.98%) than those in the other threeFig. 2. Changes in the activities of Cu/Zn-SOD (A), CAT (B) and GPx (C) andMTs protein levels (D
means ± SEM (n = 6). Different letters indicate significant differences (P b 0.05).groups (Fig. 1A). When compared to the controls, Cu pre-exposure ele-
vated Cu, lactate and MTs levels, Cu/Zn-SOD, CAT and PK activities, had
no effects on ROSproduction, GPx andMDHactivities, and inhibitedATP
content, F-ATPase, SDH and COX activities (Figs. 1–3). Hypoxic stress
alone induced increases in ROS and lactate levels, Cu/Zn-SOD and PK ac-
tivities, had no effects on Cu content,MTs levels and CAT activity, and in-
duced reductions in ATP content, GPx, F-ATPase, MDH, SDH and COX
activities. Hypoxic stress plus Cu pre-exposure enhanced the levels of
ROS, Cu, lactate and MTs, and the activities of Cu/Zn-SOD and PK, and
inhibited the level of ATP and the activities of CAT, GPx, F-ATPase,
MDH, SDH and COX. As compared to hypoxic stress alone, hypoxic
stress plus Cu pre-exposure increased ROS, Cu, lactate and MTs levels,
Cu/Zn-SOD and PK activities, and reduced ATP content, CAT, GPx, F-
ATPase, MDH, SDH and COX activities.
3.2. Gene expressions involved in antioxidant defense
When compared to the controls, Cu pre-exposure up-regulated all of
the antioxidant gene expressions (Cu/Zn-SOD, CAT, GPx1a, GPx1b and
Nrf2) (Fig. 4). Increased gene expressions of Cu/Zn-SOD, CAT, GPx1b
and Nrf2, and reduced mRNA level of GPx1a were observed in fish ex-
posed to hypoxic stress alone. Hypoxic stress plus Cu pre-exposure
showed higher mRNA levels of Cu/Zn-SOD and GPx1b, and lower
mRNA levels of CAT, GPx1a and Nrf2. As compared to hypoxic stress
alone, hypoxic stress plus Cu pre-exposure up-regulated Cu/Zn-SOD
gene expression, and down-regulated CAT, GPx1a, GPx1b and Nrf2
gene expressions.
3.3. Gene expressions involved in energy metabolism
When compared to the controls, Cu pre-exposure up-regulated
PK gene expression, had no effects on SDH mRNA level, and down-) in the liver of the large yellow croaker exposed to Cu and hypoxia. Each value represents
Fig. 3. Changes in the activities of F-ATP (A),MDH (B), SDH (C), PK (D) and COX (E) in the liver of the large yellow croaker exposed to Cu and hypoxia. Each value representsmeans± SEM
(n = 6). Different letters indicate significant differences (P b 0.05).
706 L. Zeng et al. / Science of the Total Environment 687 (2019) 702–711regulated F-ATPase, MDH and HIF-1α gene expressions (Fig. 5).
Hypoxic stress alone induced an increase in SDH and PK gene
expressions, and induced decreases in F-ATPase, MDH and HIF-1α
gene expressions. Hypoxic stress plus Cu pre-exposure increased
mRNA level of PK, and reduced gene expressions of F-ATPase, MDH,
SDH and HIF-1α in comparison to the controls and hypoxic stress
alone.
3.4. Correlation analysis
Pearson's correlation coefficient of parameters is shown in Table 2.
There were positive relationships between activities and mRNA levels
of Cu/Zn-SOD, CAT, F-ATPase, MDH and PK. A positive correlation be-
tween GPx activity and GPx1a gene expression also was observed. But
there were no relationships between GPx activity and GPx1b mRNA
level, and between SDH activity and SDH gene expression. Nrf2 mRNA
level presented positive correlations with gene expressions of CAT,GPx1a and GPx1b, but no relationship was observed with Cu/Zn-SOD
gene expression. HIF-1α mRNA level was paralleled with gene expres-
sions of F-ATPase, MDH and PK, but no relationship was observed with
SDH mRNA level. COX activity showed a positive correlation with ATP
content. ROS was positively related to PK activity, and negatively corre-
lated with F-ATPase, MDH and SDH activities, and Nrf2 and HIF-1α gene
expressions.3.5. Histological observations
Normal hepatocytes and hepatocyte nucleus were observed in the
control group (Fig. 6). A small amount of vacuoles were observed in
the Cu pre-exposure group. A large amount of vacuoles were observed
in the hypoxic stress alone group. Indistinction between two edges of
neighbor cells, and severe pyknotic nuclei and vacuoles were observed
in the hypoxic stress plus Cu pre-exposure group.
Fig. 4. Changes in the gene expressions involved in antioxidative defense in the liver of the large yellow croaker exposed to Cu and hypoxia. Each value represents means ± SEM (n=6).
Different letters indicate significant differences (P b 0.05).
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Organisms that are pre-acclimated to a mild concentration of
stressor may be able to enhance resistance to future higher level of
that (or a different) stressor (Costantini et al., 2012; Costantini, 2014).
The phenomenon is termed as priming or conditioning hormesis,
which has been observed in various fish species (Dolci et al., 2014;
Vergauwen et al., 2013). Our previous study in large yellow croaker
has demonstrated that low concentration of Cu pre-acclimation could
enhance innate immune defense to mitigate oxidative damage induced
by the subsequent sub-lethal Cu exposure (Zeng et al., 2017). However,
little information is available regarding the effects of metal pre-
acclimation on the adaptation mechanism of fish exposed to non-
metallic stresses.
In this study, the increased ROS productionwas observed in the hyp-
oxic stress groupwhen compared to that of the control group, indicatingthat 1.5 mg DO L−1 may exceed stress tolerance limit of fish. The large
yellow croaker are particularly vulnerable to the environmental
changes (Ao et al., 2015). Similar result was reported in our previous
study (Zeng et al., 2016a). Excessive ROS could induce oxidative damage
such as protein carbonylation, lipid peroxidation, or evendeath, empha-
sizing negative effects of xenobiotics on fish (Del Rio et al., 2005). This
was confirmed by the increased hepatic vacuoles in the hypoxic stress
group. Cu pre-exposure did not cause significant impacts on survival
rate, ROS generation and histological structure in comparison to the
control group, indicating that the large yellow croaker has a strong abil-
ity to adapt to waterborne copper exposure (30 μg L−1). However, hyp-
oxic stress plus Cu pre-exposure remarkably increased mortality and
ROS production, and worsened histological structure when compared
to hypoxic stress alone, suggesting Cu pre-acclimation aggravated
hypoxia-induced oxidative damage, which is not consistent with the
phenomenon of priming hormesis. Our data showed that Cu pre-
Fig. 5. Changes in the gene expressions involved in energy metabolism in the liver of the large yellow croaker exposed to Cu and hypoxia. Each value represents means ± SEM (n= 6).
Different letters indicate significant differences (P b 0.05).
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when compared to the same Cu concentration under normoxia (11.94
times). The absence of O2 as the terminal electron acceptormay damage
the mitochondrial electron transport chain, leading to the increased re-
tention of the intracellular Cu (Donnelly et al., 2012; Fitzgerald et al.,
2016). The increased Cu contentmay in turn act additively to somehyp-
oxia responses, including the impairment ofmitochondrial function and
enhanced ROS production (Heath, 1991; Sappal et al., 2015).
ROS can act as signaling molecules in modulating antioxidative de-
fense and energy metabolism (Archer et al., 2008; Rabinovitch et al.,
2017). SOD catalyzes superoxide anion radical (O2−) and H+ to H2O2,
which is subsequently reduced to non-toxic H2O by CAT or GPx. Thus,
SOD, CAT and GPx constitute the mutual antioxidant defense systems
(Winston and Di Giulio, 1991). MTs act as powerful antioxidants to pro-
tect organisms against oxidative damage (Figueira et al., 2012), and also
participate in the regulation of redox equilibrium by detoxification andmetal transport (Amiard et al., 2006). In the present study, hypoxic
stress alone remarkably increased Cu/Zn-SOD activity, indicating a pro-
tective effect of antioxidant response. But the increased Cu/Zn-SOD
could not fully prevent oxidative damage caused by the severe hypoxia.
This notion was confirmed by the increment of ROS and the decrement
of GPx activity, which might be concerned with the excess of H2O2 cat-
alyzed by Cu/Zn-SOD (Winston and Di Giulio, 1991). Although hypoxic
stress alone had no impact on CAT activity, dramatically increased tran-
scriptional levels should not be neglected. Possibly, hypoxia aroused an
adaptive stress response at the molecular level (Dolci et al., 2014).
When compared to the control group, Cu pre-acclimation boosted
MTs levels, Cu/Zn-SOD and CAT activities, which contributes to
counteracting oxidative stress resulted from Cu exposure. As compared
to hypoxic stress alone, hypoxic stress plus Cu pre-exposure increased
Cu/Zn-SOD activity and MTs levels. Cu is an essential cofactor required
for Cu/Zn-SOD. Cu pre-exposure could increase Cu accumulation,
Table 2
Pearson's correlation coefficient of parameters in the liver of the large yellow croaker.
Independent
parameters
Dependent parameters Correlation
coefficients
P
Cu/Zn-SOD mRNA
levels
Cu/Zn-SOD activities 0.836 0.000
CAT mRNA levels CAT activities 0.723 0.000
GPx1a mRNA levels GPx activities 0.763 0.000
GPx1b mRNA levels GPx activities −0.219 0.303
F-ATPase mRNA levels F-ATPase activities 0.824 0.000
MDH mRNA levels MDH activities 0.810 0.000
SDH mRNA levels SDH activities 0.348 0.096
PK mRNA levels PK activities 0.931 0.000
Nrf2 mRNA levels
Cu/Zn-SOD mRNA
levels
−0.127 0.555
Nrf2 mRNA levels CAT mRNA levels 0.912 0.000
Nrf2 mRNA levels GPx1a mRNA levels 0.754 0.000
Nrf2 mRNA levels GPx1b mRNA levels 0.658 0.000
HIF-1α mRNA levels F-ATPase mRNA levels 0.872 0.000
HIF-1α mRNA levels MDH mRNA levels 0.846 0.000
HIF-1α mRNA levels SDH mRNA levels −0.036 0.869
HIF-1α mRNA levels PK mRNA levels −0.918 0.000
COX activities ATP contents 0.877 0.000
ROS formation F-ATPase activities −0.887 0.000
ROS formation MDH activities −0.943 0.000
ROS formation SDH activities −0.741 0.000
ROS formation PK activities 0.935 0.000
ROS formation Nrf2 mRNA levels −0.507 0.011
ROS formation HIF-1α mRNA levels −0.893 0.000
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idant defense (Lartigue et al., 2015; Turski and Thiele, 2009).
The existing studies revealed that most of metal exposures could
induce MTs (Abril et al., 2018; Le et al., 2016). However, the
increased Cu/Zn-SOD activity and MTs levels in the hypoxic stress
plus Cu pre-exposure group were mainly used for reducing Cu
toxicity instead of hypoxia-induced oxidative damage, as reflected
by the reduced CAT and GPx activities and the deterioration of
histological structure. Similar result was reported in pacu Piaractus
mesopotamicus exposed to the combined Cu and hypoxia exposures
(Sampaio et al., 2008).
The tolerance of environmental stress largely depends on energy
supply (Lushchak, 2011). Previous studies focused only on a single as-
pect of energy deprivation or ROS production in response to Cu and
hypoxia exposures, the relationship between ROS production and en-
ergy metabolism has been neglected. F-ATPase, MDH and SDH partici-
pate in mitochondrial aerobic metabolism through tricarboxylic acid
cycle. They can effectively utilize respiration-generated proton gradient
to drive ATP production. The mitochondrial membrane generally re-
mains depolarized in these processes, whichmay contribute to the inhi-
bition of ROS generation (Walsh and Koshland, 1984; Yasuda et al.,
1998; Pollard et al., 2005). PK is the rate-limiting enzyme of glycolytic
pathway that generates energy through anaerobic metabolism (Weber
et al., 1966). COX is regarded as a key enzyme involved in respiratory
function in themitochondria, which is closely related to ATP production
(Ogunbona et al., 2018). In this study, hypoxic stress alone significantly
inhibited F-ATPase, MDH and SDH activities, and enhanced PK activity,
which may result in the enhancement of mitochondrial membrane hy-
perpolarization and the excessive production of free radicals. The exces-
sive ROS would in turn down-regulate tricarboxylic acid cycle and up-
regulate glycolysis to accelerate ROS oxidation (Martínez-Reyes and
Cuezva, 2014). This notion was supported by a positive relationship be-
tween ROS and PK activity, and negative correlations between ROS and
activities of tricarboxylic acid cycle enzymes. Hypoxic stress plus Cu
pre-exposure further reduced tricarboxylic acid cycle enzyme activities
and increased PK activity when compared to hypoxic stress alone, indi-
cating Cu pre-acclimation inhibited aerobic metabolism, enhancedanaerobic metabolism, and aggravated oxidative damage when fish
were exposed to severe hypoxia. In such situations, Cu pre-
acclimation ismore likely to depend on glycolytic ATP production to de-
feat against hypoxic response.
As a redox-active metal, Cu could participate in electron transport
chain to drive ATP synthesis and reduce ROS production (Jomova et al.,
2012). However, excessive Cu might destroy the mitochondrial electron
transport chain (mitochondrial respiration), especially under hypoxic
condition, resulting in boosting anaerobicmetabolism to generate energy
(Donnelly et al., 2012). This viewwas confirmedby thedecreasedCOXac-
tivity andATP content, and the increased ROS and lactate levels. However,
our previous study indicated that β-glucan could enhance glycolysis and
inhibit tricarboxylic acid cycle to ameliorate hypoxia-induced oxidative
stress in the liver of the large yellow croaker (Zeng et al., 2016a). This
seeming contradiction can be partially explained as follows: β-glucan it-
self has an adverse effect on the energy metabolism in fish (Sinha et al.,
2011). In addition, our recent studyhas shown thatβ-glucan could hinder
Cu absorption and bioavailability in the large yellow croaker (Zeng et al.,
2018). But hypoxia could sensitize the electron transport system to in-
crease Cu uptake (Sappal et al., 2015).
Modifications in the enzyme activities might be involved in the
changes in their respective mRNA transcription levels. In this study, the
mRNA levels of Cu/Zn-SOD, CAT, F-ATPase, MDH and PK were positively
correlated with their respective enzyme activities, suggesting these en-
zyme activities might be modulated at the transcriptional level (Kuschel
et al., 2012). However, differential expression patterns between GPx ac-
tivity and GPx1b gene expression, and between SDH activity and SDH
gene expression were observed, which may be closely connected with
RNA stability, post-translational modification and/or time-lag effect
(Craig et al., 2007; Sadi et al., 2014). In addition, GPx activity was
codetermined by the two isoenzymes (GPx1a and GPx1b), while each
gene only encoded an isoenzyme. Similar resultswere reported infish ex-
posed to metal stresses (Jiang et al., 2014; Zeng et al., 2016b).
Nrf2 and HIF-1α take part in modulating transcriptional expression
of genes related to antioxidant defense and energymetabolism, respec-
tively (Huang et al., 2004; Sant et al., 2017). Previous studies indicated
that hypoxia could restrain Cu-induced toxicological effects of zebrafish
embryos by regulatingHIF signaling pathway (Fitzgerald et al., 2016). In
the study, Nrf2 gene expression was positively correlated with CAT,
GPx1a and GPx1b mRNA levels, indicating these antioxidant genes
were transcriptionally induced by Nrf2 signal pathway. HIF-1α mRNA
level was paralleled with F-ATPase,MDH and PK gene expressions, indi-
cating the changes of gene expressions may refer to the modification in
HIF-1αmRNA level. However, therewere no relationships betweenNrf2
and Cu/Zn-SOD gene expressions, and betweenHIF-1α and SDH gene ex-
pressions, indicating these gene expressions may be regulated by tran-
scription factors at the post-transcriptional levels (Kuschel et al.,
2012). Antioxidant defense could be activated by metal through ROS/
Nrf2 signaling pathway (Kovac et al., 2015). Mitochondrial ROS are an
essential part of HIF-1α stabilization (Archer et al., 2008). However,
some studies indicated that HIF-1α could be regulated independently
from ROS (Rissanen et al., 2006). In this study, ROS were positively cor-
related with both Nrf2 and HIF-1α, indicating Nrf2 and HIF-1α signaling
pathways participate in the regulation of ROSproduction by antioxidant
response and energy metabolism, respectively.
5. Conclusion
This study demonstrated for the first time that Cu pre-exposure ag-
gravated hypoxia-induced oxidative damage in the liver of the large yel-
low croaker by inhibiting antioxidant defense and energy metabolism,
challenging the phenomenon of priming hormesis. The present results
underline the metal pollution history needs to be taken into consider-
ation when the effects of hypoxia on the oxidative stress and energy
metabolism of fish are to be evaluated in the future studies, and also
contribute to accurately predicting the consequences of the interactions
Fig. 6. Liver histology of the large yellow croaker exposed to Cu and hypoxia. A: control group, normal hepatocytes and hepatocyte nucleus. B: Cu pre-exposure group, mild vacuoles
appeared. C: hypoxic stress group, severe vacuoles appeared. D: hypoxic stress plus Cu pre-exposure group, histologically indistinct intermembrane boundary, abnormal nuclear
chromosome and severe vacuole appeared. Va: vacuole; N: nucleus. Relative areas for hepatic vacuoles in H&E staining (E). Each value represents means ± SEM (n = 6) and are
normalized to % of field area. Different letters indicate significant differences (P b 0.05).
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